The integration of satellite data and numerical modeling represents an efficient strategy to find immediate answers to the main issues raised at the onset of a new effusive eruption. Satellite thermal remote sensing can provide a variety of products suited to timing, locating, and tracking the radiant character of lava flows, including the opening times of eruptive vents. The time-series analysis of thermal satellite data can also provide estimates of the time-averaged discharge rate and volume. High-spatial resolution multispectral satellite data complement field observations for monitoring the lava emplacement in terms of flow length and area. All these satellite-derived parameters can be passed as input to physics-based numerical models in order to produce more accurate and reliable forecasts of effusive scenarios during ongoing eruptions. Here, we demonstrate the potential of the integrated application of satellite remote sensing techniques and lava flow models during the 2017 eruptive activity of Mt Etna. Remote sensing data from SEVIRI are analyzed by the HOTSAT system to output hotspot location, lava thermal flux, and effusion rate estimation. This output is used to drive, as well as to continuously update, lava flow simulations 2 performed by the physics-based MAGFLOW model. We also show how Landsat-8 and Sentinel-2 satellite data complement the field observations to track the flow front position in time and add valuable data on lava flow advancement with which to iteratively validate the numerical simulations.
Introduction
During the first half of 2017, Mount Etna (Sicily, Italy) showed an intense eruptive activity in the summit area (Figure 1 ). The first eruptive episode started from a vent (V 1 in Figure 1 ) located in the old "saddle" between the South-East Crater (SEC) and the New Southeast Crater (NSEC) on the late afternoon of the 27 February 2017 (INGV Weekly Report N°10/2017). It was characterized by the emission of lava fountains, pyroclastic material, and a lava overflow towards the Valle del Bove (VdB). This episode, similar to dozens of eruptive events from the summit craters of Etna over the past decades (Cappello et al., 2013) , was the 57 th from the formation of the NSEC in 2011 on the low eastern flank of the SEC. From 28 February to 1 March, the eruptive activity continued with minor fluctuations, drastically decreasing in intensity on 2 March. The lava flow reached Monte
Frumento Supino (MFS), which diverted it to the southwest and southeast (with a shorter branch).
During this event a new pyroclastic cone formed around the active vent, rapidly reaching the height of the SEC and NSEC cones at ~ 3330 m a.s.l. (Ganci et al., 2018) .
After a two week break, the second eruptive episode of 2017 started on the morning of 15 March, from the same vent opened on 27 February (V 1 in Figure 1 ) and continued from a pit crater opened Figure 1 ). This eruptive episode ended on the night between 8 and 9 April. This long effusive activity was followed by four short-term eruptive events occurred on 10, 13, 19, and 26 April. On April 10th, the eruptive vent at the southern base of the NSEC was reactivated (V 2 in Figure 1 ), from which a small lava flow was emitted to the south for about 24 hours (INGV Weekly Report N°16/2017). On the evening of 13 April the eruptive activity restarted from vent V 2 , with the lava that flew downhill on the western wall of the VdB, overlapping the lava flow of 10-11
April, and stopping late evening on 14 April. In the morning of 19 April V 1 reactivated with a new 4 lava flow that followed the same path of the two previous effusions (10-11 and 13-15 April), towards the western edge of VdB. Also this eruptive episode ended the next day.
The last effusive episode of 2017 started on the night between 26 and 27 April. Two different eruptive vents opened on the east-southern (V 1 in Figure 1 ) and east-northern (V 5 ) flank of the SEC, which fed two lava flows, one directed again towards VdB and the other to Valle del Leone (VdL).
The eruptive activity continued during the morning of 27 April and began to decrease around midday; the lava flows were still fed until the afternoon of the same day (INGV Weekly Report N°18/2017). Since then the activity of Etna has undergone considerable change, as eruptive episodes with lava emission have no more occurred at the SEC-NSEC area throughout 2017.
Here we demonstrate how the integration of satellite data and physical models has enabled to monitor lava flow hazards during the eruptive activity of Mt Etna in the first four months of 2017.
By monitoring, we mean here both following the manifestations of the eruption once it has started, as well as forecasting the areas potentially threatened by lava in an effusive scenario. To deal effectively with this crisis, we used the HOTSAT system to analyze high temporal resolution geostationary MSG SEVIRI data, with the aim of detecting thermal anomalies due to active lava flows and calculating the time-averaged discharge rate (TADR). The SEVIRIderived TADRs were then used as input of the MAGFLOW model (Cappello et al., 2016b) (Ganci et al., 2012b; to analyze mid and thermal infrared channels acquired by SEVIRI to output hotspot location, lava thermal flux, and effusion rate estimation. When a thermal anomaly is detected, HOTSAT estimates a heat flux curve from the thermal flux radiated by lava for each SEVIRI image, which is then converted in time-averaged discharge rate (TADR) adopting a direct relationship between the radiant heat loss from an active lava flow and the effusion rate (e.g., Harris et al., 1997; Wright et al., 2001) . Recent laboratory experiments (Garel et al., 2015) have supported the roughly linear relationship between radiated power and effusion rate when the thermal steady state of the flow is reached, and this can also occur in the presence of temporal variations of the supply rate if the hottest flow regions are considered.
Since this relationship depends on different lava parameters (e.g. rock density, heat capacity, vesicularity, emissivity, etc.), HOTSAT outputs a minimum and maximum TADR by considering the parameter value ranges, resulting in a volume variation of ± 25% .
The relationship between radiant heat flux and effusion rate cannot be used for short-lived eruptive episodes, since a thermal steady state is not reached (Garel et al., 2012) . Moreover, the thermal activity of the peak fountaining phase can be masked by the presence of tephra or ash . For these reasons, during short lava fountaining events, we estimate the erupted volume and mean output rate (MOR) by modelling the plume-and saturation-free cooling curve, apparent in high temporal resolution thermal data acquired by geostationary sensors (Ganci et al., 2012a) .
Indeed, the SEVIRI-derived heat flux curves of short-lived eruptive events show a typical waveform characterized by a slow increasing heat flux (phase 1), main fountaining activity (phase 2) and cooling (phase 3). In this case, volumes can be inferred by minimizing the difference 6 between the modeled and the SEVIRI-derived cooling curve, while the TADR can be assumed constant and equal to the MOR (Latutrie et al., 2016) .
For the eruptive events occurred at Etna in 2017, we considered both the duration and the possibility to isolate the cooling phase in the waveform of the SEVIRI-derived radiative heat flux.
Following this selective principle, we applied the standard HOTSAT to catalogue the first two eruptive episodes in February and March, and the method that uses cooling curves to characterize the four short-term events of April.
The TADR and volume estimations derived from SEVIRI data are plotted in Figure 2 . Results obtained for each event (i.e. GMT date and hour of the first thermal anomaly detected by HOTSAT, duration, maximum value of the radiative power, mean output rate and lava volume) are summarized in Table 1 . The peak of 11.58 m 3 /s in TADR is recorded during the last eruption, on 27
April at 7:56 GMT ( Figure 2 
Lava flow mapping using multispectral images
High-spatial-resolution satellite data provides a synoptic view of a volcano across multiple wavelengths, filling the observational gaps in the spatiotemporal evolution of lava flows, particularly for remote effusive eruptions . In particular, satellite images acquired by Landsat-8 and Sentinel-2A offer 10 m to 100 m multi-spectral global coverage. The
Landsat-8 satellite (launched in 2013) carries a two-sensor payload, OLI and TIRS, and collects 11 spectral bands varying from 15 meter to 100 meter resolution. The equatorial repeat cycle is 16 days. The MSI sensor carried by Sentinel-2 acquires 13 spectral bands that are highly complementary to data acquired by the Landsat-8 OLI, with a spatial resolution of 10 to 60 meters.
The revisit time at the equator is 10 days.
In 
Scenario forecasting using the MAGFLOW model
When an effusive eruption is in progress, the hazard posed by lava flows to threatened communities can be assessed by modeling the probability of lava flow inundation into affected areas Cashman et al, 2013; Del Negro et al. 2016) . In addition to topography, the behavior of lava flows is controlled by a number of parameters such as effusion rate, rheology, heat loss, viscosity, velocity, and flow morphology all of which are interconnected (Walker, 1973; Harris and Rowland, 2001 ). Each of these parameters does not impact the lava emplacement in the same way; the magnitude of their effect varies with the distance from the vent and also with the timescale of observations (Calvari and Pinkerton, 1998) . This means that it is necessary to relate changing eruption conditions to the resulting flow extent. As such, lava flow models using a sound physical description of the emplacement process and rheology of lava, including the way in which effusion rate changes during an eruption and how this affects lava spreading, are of paramount importance, as effusion rates can be highly variable over time (Lautze et al., 2004; Hérault et al., 2009; Bilotta et al., 2012) . On the other hand, timely forecasts of the areas that a lava flow might invade require as frequent and accurate data as possible on the eruptive activity.
Unfortunately, the location, intensity, extent, and advancing of flows are difficult to observe with common field methods because of the large size and poor accessibility of the inundated areas (Calvari et al., 2003) . Satellite observations offer great promise to collect this information and allow the manifestations of the eruption to be followed once it has started (Ganci et al., 2012b) . Satellite thermal remote sensing of hotspots related to effusive activity can effectively provide a variety of products suited to timing, locating, and tracking the radiant character of lava flows (Cappello et al., 2016a) . Hotspots show the location and occurrence of eruptive events (vents). Discharge rate estimates may indicate the current intensity (effusion rate) and potential magnitude (volume). Highspatial resolution multispectral satellite data can complement field observations for monitoring the front position (length) and extension of flows (area). In parallel with this, lava flow simulation models have developed immensely since the introduction of the first cellular automata in the mid-capable of fast and accurate forecast of lava flow inundation scenarios (hazard).
To simulate the spatial and temporal evolution of lava flow fields, we developed the physics-based MAGFLOW model (Del Negro et al., 2008) , which has been extensively used to forecast lava flow inundation scenarios both at Etna (Cappello et al., 2011a; 2011b; Vicari et al., 2011; Ganci et al., 2012b; Del Negro et al., 2013) and in other volcanoes worldwide (Kerestzuri et al., 2014; Cappello et al., 2015a; 2015b; Pedrazzi et al., 2015; Cappello et al., 2016a) . MAGFLOW is operational but needs reliable input of lava composition, precise location of eruptive vents, real-time effusion rate estimates, and accurate pre-eruption digital topography if it is to be effective.
In order to forecast the areas likely to be inundated by lava flows during the 2017 eruptions, we used the typical properties of Etnean basaltic rocks: density (2600 kg/m 3 ); specific heat capacity The comparison between the satellite-derived and simulated lava flow fields is reported in Figure 5 .
In general, a good agreement is achieved for all eruptive events, with the best results obtained during the first (Figure 5a ) and last (Figure 5f ) episodes. Even if a tight fit remains for the other eruptions, some differences can be noticed, mainly due to the topographic changes caused by the preceding events. Indeed, the SW branch of the eruptive episode started on 15 March partially 13 covers the lava flow field emplaced in February 2017 (Figure 5b ), while lava flows of 10, 13 and 19
April all follow the same path (Figures 5c-e) . 
Discussion
In order to evaluate our ability to reproduce the lava flows emplaced during the 2017 Etna eruptions, we compared the areal dimensions of simulated and actual lava flow fields per each event (Table 2 ). The smallest actual area, extracted from Landsat-8 data, is the one fed on the northern flank of the SEC towards VdL (0.143 km 2 ). The biggest area, derived from Sentinel-2A imagery, is the one emitted during the longest eruptive event of 15 March (1.782 km 2 ), representing ~76% of the total lava flow area (2.331 km 2 ). For each event, the source image (Landsat-8 or Sentinel-2A) from which we extracted the actual area is indicated. Measurement errors were calculated by multiplying the satellite-derived perimeters by the pixel resolution. The three fitness scores, φ, e 1 and ε, used to quantify the goodness of fit between the satellite-derived and simulated lava flow areas, range between 0 (worst case) and 1 (best case).
Date
The goodness of fit between the actual and MAGFLOW-simulated areas was quantified using the three scores φ, e 1 and ε (Bilotta et al., 2012; Kereszturi et al., 2014; Cappello et al., 2016a; Del Negro et al., 2016) : φ is the intersection over union areas of the simulated and actual lava flows; e 1 is the square root of φ; ε measures the percentage of actual lava flow area covered by the simulated one. The lower and upper bounds for all scores are zero (total mismatch) and one (complete overlap). The choice to provide values for all three fitness indices (Table 2) is motivated by the different behavior of φ, e 1 and ε, and therefore the preference of one over the others, which is largely dependent on the shape of the emplacement (Bilotta et al., 2012) .
Except for two cases (φ on 8 and 12 April), the actual lava flow field is consistently well reproduced by the MAGFLOW model, with the three fitting scores higher than 0.5 for all eruptions (Table 2) To facilitate the comparison of results, Figure 6 shows the spatial match-mismatch between the total actual and simulated lava flows. The intersection area measures 1.548 km 2 , which is more of the 66% of the actual lava flow field (ε score in Table 2 
Conclusions
We documented how the integration of satellite observations and numerical modeling represents an efficient strategy to forecast accurate and reliable eruptive scenarios. Satellite observations can be combined with field measurements to provide different kind of data, including the location and occurrence of eruptive events, effusion rate and volume estimates, front position and lava flow area.
Numerical modelling can forecast lava flow inundation scenarios, promptly assessing lava flow An indirect finding of our results is also the importance of the availability of updated topographic data, especially on an active volcano, such as Mt Etna (Bilotta et al., submitted) . Indeed, flow emplacements from eruptions occurred since the last update of the DEM may reduce the accuracy of subsequent scenarios, due to the formation of new topographic features that may influence the evolution of lava flows.
Finally, the local authorities charged with volcanic risk mitigation are interested in the evolution of an eruption: (i) what will happen; (ii) when will it probably happen; (iii) what are the likely consequences; (iv) whether it is getting worse; (v) whether it is over (Harris et al., 2016) . This means that the products delivered by a satellite-driven modeling approach for quantifying lava flow hazards during an ongoing eruption could be incorporated into the decision support system (INGV Weekly Report N°15/2017).
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